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Introduction
[2] During the recent extended 23/24 solar cycle minimum, the solar irradiance, activity, and interplanetary magnetic fields had reached levels lower than observed in past minima [Gibson et al., 2011] . Consequently, the lowest observed thermospheric neutral density during 23/24 solar minimum decreased by 29% compared with 22/23 solar minimum after removing the seasonal and geomagnetic activity effects . Solomon et al. [2011] reported a 30% decrease in the annual average neutral density from 1996 to 2008. Meanwhile, the global total electron content (TEC) from GPS observations showed a positive trend of 0.6 TEC unit per decade (1 TECU = 10 16 el m À2 ) [Lean et al., 2011] , while the f 0 F 2 from ionosonde data was lower in 23/24 solar minimum than 22/23 at some locations Liu et al., 2011] .
[3] The record-low thermospheric density and the unusual variation of electron density during last solar minimum have been mainly explained as the consequence of the anomalously low solar extreme ultraviolet (EUV) irradiance Solomon et al., 2010 Solomon et al., , 2011 . The variation of geomagnetic energy has received relatively less attention or has been treated as negligible [Solomon et al., 2011; Chen et al., 2011] . Actually, it is still in debate if the change of solar EUV irradiance is sufficient to cause the observed variation in the upper atmosphere or not. showed that about 10% of neutral density difference is attributable to lower solar EUV irradiance and around 16% of the observed density difference remains unexplained. Solomon et al. [2011] reported that solar EUV irradiance change alone caused 22% annual average neutral density reduction. They found that combining the solar EUV effect with the geomagnetic energy (2.2%) and CO 2 cooling (3%), totally 27% neutral density decrease can be explained, which is very close to the satellite observed value (30%). However, 15% lower solar irradiance in 2008 than in 1996 can result in a global TEC trend of 3 TECU per decade, which is much larger than the observation and can be implausible [Lean et al., 2011] .
[4] The Sun is the ultimate energy source for the upper atmosphere. Typically, the solar EUV irradiance is viewed as the direct solar source of energy deposition and the geomagnetic energy, including both Joule heating and particle precipitation energy, is treated as the indirect solar source, which is transported through the solar wind and magnetosphere [Knipp et al., 2004; Xu, 2011] . Given that the solar activity was extremely low in 23/24 solar minimum, both direct and indirect solar sources should vary accordingly and contribute to the change in the upper atmosphere. The globally averaged thermosphere mass density climatologically is a function of both solar irradiation and geomagnetic activity . The total Joule heating [from Weimer, 2005a ] model also shows a good correlation with the CHAMP and GRACE satellite measurements [Weimer et al., 2011] . It is very important to know how much energy was reduced in different forms between the last two solar minima, which is critical to explain the unusual variation in the upper atmosphere during 23/24 solar minimum. In this study, we have investigated the variation of the energy budget to the Earth's upper atmosphere from both solar EUV irradiance and geomagnetic energy (Joule heating and particle precipitation) during last solar cycle. Some idealized simulations from Thermosphere Ionosphere Electrodynamic General Circulation Model (TIEGCM) have then been conducted to illustrate their relative roles to the upper thermospheric neutral density variation.
Methodology
[5] The EUV flux model for aeronomic calculations (EUVAC) [Richards et al., 1994; Solomon and Qian, 2005] has been used to calculate the solar power in the wavelength of 1-105 nm. EUVAC is based on the measured F74113 solar EUV reference spectrum and provides fluxes in the 37 wavelength bins that are in widespread use [Richards et al., 1994] . Individual bands and lines of solar EUV photon flux are calculated from a proxy based on the F 10.7 index and its 81-day average [Solomon et al., 2011] . F 10.7 is the index of the 10.7 cm solar radio flux and widely used to represent the solar activity and EUV emissions. But Solomon et al. [2011] and Chen et al. [2011] reported some issues with F 10.7 during solar minimum conditions. The MgII core-to-wing ratio (c/w) is a good measure of solar chromospheric activity and a valuable proxy for solar EUV flux [Solomon et al., 2011; Viereck et al., 2004] . After a linear fit of F 10.7 to MgII c/w, the M 10.7 index is calculated out from equation (1) in Solomon et al. [2011] , which is the MgII c/w scaled to F 10.7 with the unit of 10 À22 W m À2 Hz
À1
. In this study, the solar EUV flux calculated from EUVAC model with both F 10.7 and M 10.7 indices is presented. The total solar EUV power is then estimated through multiplying the solar flux at 1 AU from EUVAC output with the cross section of earth, pR 2 , where R is the earth radius and typically set as 6600 km to include the contribution of the atmosphere. The measurements from the Solar EUV Experiment (SEE) [Woods et al., 2005] on the Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics (TIMED) satellite have been compared with the model outputs as well.
[6] Joule heating has been calculated from the Weimer [2005a Weimer [ , 2005b model (W05), the empirical formula [Foster et al., 1983] and the Thermosphere Ionosphere Electrodynamics General Circulation Model (TIEGCM) [Roble et al., 1988; Richmond et al., 1992] . W05 is an empirical model of high-latitude electrodynamics, providing the electric potential, magnetic potential, field-aligned currents and Poynting flux. The downward Poynting flux at the top of ionosphere is obtained from the vector cross product of the electric and perturbation magnetic fields (S ¼
[e.g., Kelley et al., 1991; Gary et al., 1995] , which supplies one possible way to estimate the height-integrated Joule heating by application of Poynting's theorem [Kelley et al., 1991; Richmond, 2010] . The empirical formula (Q J (GW) ≃ 4 + 20Kp) from Foster et al. [1983] gives a reasonable description of the single hemisphere Joule heating at the equinoxes for average conditions when Kp < 6. The global Joule heating is close to 2 * Q J when ignoring the seasonal variations and the interhemispheric asymmetry. TIEGCM is a global firstprinciple upper atmospheric model, which self-consistently simulates both the neutral and ion species. In the high latitudes, the electric potential pattern is imposed from Heelis et al. [1982] empirical model driven by the Kp index and the auroral particle precipitation is specified with the formalism of Roble and Ridley [1987] for this study. The Joule heating has been calculated from the localized conductance, ion convection and neutral wind. A factor of 1.5 has been multiplied to the Joule heating to compensate the contribution of the small-scale processes.
[7] The NOAA polar-orbiting operational environmental satellites (POES) continuously monitor the precipitating particles from 50 eV to 20 keV in the polar regions. A technique has been developed to estimate the total particle power deposited in the entire polar region, named as the hemispheric power (HP), from the particle power flux observations along a single satellite pass [Fuller-Rowell and Evans, 1987] . The NOAA HP data for each hemisphere during the whole solar cycle are available on the Web site (http://www. swpc.noaa.gov/ftpmenu/lists/hpi.html). The HP of TIEGCM has been calculated from a Kp-dependent empirical formulation based on TIMED/GUVI FUV data [Zhang and Paxton, 2008] .
Results and Discussion

Solar EUV Irradiance and Geomagnetic Energy Variations
[8] The primary energy sources of the upper atmosphere are the solar EUV irradiance, Joule heating and the particle precipitation. The solar EUV irradiance usually is the largest contributor (80%) to the heating budget, but Joule heating is the most variable one and exceeds the solar EUV irradiance power during some geomagnetic storm periods [Lu et al., 1998; Knipp et al., 2004] . We have examined how the different forms of energy varied between the last two solar minima.
[9] Figure 1 depicts the 81-day centered running mean of the globally integrated solar EUV irradiance and geomagnetic energy during last solar cycle (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) . The yellow shadow regions mark the 22/23 solar minimum in 1996 and 23/24 solar minimum in 2008. The top panel is the solar power in the wavelength of 1-105 nm calculated from EUVAC model driven by the M 10.7 index. The yearly average of solar power in 2008 was 300.6 GW, which was 33 GW (10%) lower than that in 1996 (333.6 GW). Due to the wavelength dependence of the solar irradiance, the overall percentage reduction in EUV (10%) was lower than that DENG ET AL.: BRIEF REPORT A09307 A09307 (15%) in the wavelength band of 26-34 nm measured by SOHO/SEM instrument [Solomon et al., 2010] . The middle panel represents the globally integrated Joule heating from W05 empirical model driven by the OMNII hourly solar wind data. The quiet solar wind conditions (B y = B z = 0, V sw = 400 km/s) have been filled in when there is a data gap in the OMNII data. The typical W05 output is a polar distribution of altitudinally integrated Joule heating in the northern hemisphere. To cover the southern hemisphere, W05 was run with the same solar wind conditions but a flipped B y value and a flipped dipole tilt angle, in which the inter-hemispheric asymmetry has been neglected. As illustrated in Figure 1 , the globally integrated Joule heating was reduced by 13 GW (19%) from 1996 (67 GW) to 2008 (54 GW). The bottom panel shows that the globally integrated particle precipitation energy from NOAA satellites also decreased by 16 GW (34%) in 2008. The total geomagnetic energy, including both Joule heating and particle precipitation energy, decreased by 29 GW (13 GW + 16 GW), which was comparable with the reduction of the solar power (33 GW). It suggests that the contribution of geomagnetic energy variation to the neutral density reduction may not be negligible.
[10] Figure 2 compares the annual averages of the global integrated Joule heating to the annual averages of the solar power from the EUVAC model driven by the M 10.7 index in both ascending and descending phases of the solar cycle. Clearly, both Joule heating and solar power in 2008 and 2009 were lower than those in 1996. The best linear fit is shown in magenta for ascending and light blue for descending. Since the large variation of Joule heating caused by the geomagnetic storms during solar maximum is out of the scope of this study, the points for the annual averages in 2000-2002 have been dropped out. In the ascending phase the slope was close to 0.07, which means the Joule heating increased by 0.07 GW for every 1 GW enhancement of the solar power. The slope for the descending phase was close to 0.18, which is more than two times higher than that for the ascending phase. In other words, the Joule heating changed relatively faster in the descending phase than the ascending phase. For example, from 1996 to 1997, the solar power and Joule heating increased by 53.3 GW and 5.4 GW, respectively. From 2008 to 2009, the solar power and Joule heating decreased by 7.1 GW and 6.8 GW, respectively. The variation of Joule heating was comparable with the variation of solar power from 2008 to 2009, while the variation of solar power was dominant in the total energy change from 1996 to 1997. Therefore, the contribution of Joule heating variation to the total energy change in the descending phase was more significant than in the ascending phase.
Comparison of Energy Estimations From Different Sources
[11] The energy estimation uncertainty is one of the biggest problems in the upper atmosphere simulation. The solar power and Joule heating calculated from different models have therefore been compared in this section. Figure 3 shows the variation of solar power from EUVAC model and TIMED/SEE measurements during last solar cycle. The integrated EUV energy flux is derived from the EUVAC model using either M 10.7 or F 10.7 as input. The energy flux is normalized to 1 AU and not corrected for Sun-Earth distance, which is sufficient for this study since our main interest is the variation of yearly average.
[12] As shown in red line, the yearly average solar power in 2008 calculated from EUVAC(M 10.7 ) was 300.6 GW, which was reduced by 33 GW (10%) compared to the value in 1996 (333.6 GW). The blue line exhibits that the solar power reduction from 1996 to 2008 calculated from EUVAC(F 10.7 ) was close to 13 GW (4%). The change of the solar power calculated from F 10.7 index was smaller than that from M 10.7 index, which was due to the inaccuracy of F 10.7 to present the solar EUV power in the extremely low solar activity conditions during 23/24 solar minimum [Solomon et al., 2011; Chen et al., 2011] . As shown in Solomon et al. [2011] , during solar minimum the F 10.7 variation was small while the solar EUV continued to decline. The measurements from SEE [Woods et al., 2005] on the TIMED satellite from 2002 to 2009 have also been plotted out in black line, which in general agreed very well with the EUVAC outputs. TIMED/SEE was smaller than EUVAC in solar maximum and larger in solar minimum. Due to the way that the irradiance <27 nm was processed, the total solar power from TIMED/SEE data can be different from version to version, which may contribute to the solar-cycle dependent difference between TIMED/SEE and EUVAC. From 27 to 105 nm, TIMED/SEE is based on the EGS (EUV Grating Spectrometer) measurements, which are quite reliable [Woods et al., 2005] . Unfortunately TIMED/SEE does not go back to 1996 and has no comparison between the two solar minima.
[13] The geomagnetic energy inputs into the upper atmosphere vary significantly [Lu et al., 1998; Knipp et al., 2005] and it is very challenging to estimate them precisely. Figure 4a shows the calculated global integrated Joule heating from W05, empirical relationship between the global Joule heating and Kp index (JH = (20. * kp + 4) * 2.) [Foster et al., 1983] and TIEGCM. The annual average difference of Joule heating between 1996 and 2008 was 13 GW from W05, 18 GW from empirical formula, and 20 GW from TIEGCM. The estimate of Joule heating variation is limited by many processes, such as the inaccuracy of Kp index to describe the geomagnetic activity in the extreme quiet conditions during solar minimum 23/24. The Joule heating calculated from W05 is influenced by the solar wind data gaps in the OMNI data set and the limited capability of W05 to describe the electrodynamics during northward IMF conditions, such as the floor (25 kV) of the Cross Polar Cap Potential (CPCP) [Weimer, 2001] . The hemisphere power from NOAA measurement and TIEGCM has been compared as well. Based on TIMED/ GUVI FUV data, a global auroral model has been developed [Zhang and Paxton, 2008] and a Kp-dependent empirical formulation of the HP has been produced. Similar formulas have been utilized in TIEGCM to calculate Hp from Kp index [High Altitude Observatory, 2011] . As shown in Figure 4b , HP from the empirical formulas in TIEGCM is in general higher than NOAA HP, which has also been reported in Zhang and Paxton [2008] and may be related to the difference of the data coverage. While the HPs are estimated from both NOAA and TIMED/GUVI satellite data, the NOAA satellite tracks just cover a tiny fraction of the auroral oval and the TIMED/GUVI swath typically covers 1/3 to 1/2 of the auroral oval [Zhang and Paxton, 2008] . The difference of HP between the two solar minima is 16 GW and 8 GW in NOAA measurements and TIEGCM, respectively. While the Joule heating reduction varied from 13 to 20 GW and the HP reduction also changed from 8 to 16 GW, all these sources consistently exhibited a decrease of geomagnetic energy during 23/24 solar minimum.
[14] W05 is an empirical model, which represents a climatologic distribution of the high-latitude electrodynamics. Figure 5 depicts the 81-day average of the northern hemispheric integrated Joule heating in 2005 from both W05 and the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) [Richmond and Kamide, 1988] outputs. In AMIE run, more than 80 ground-based magnetometers and DMSP satellite electric drift measurements have been assimilated. Since the data coverage in the southern hemisphere was not as good as the northern hemisphere, only the northern hemispheric integrated Joule heating has been compared. While the difference between these two models varied with the season, W05 was consistently smaller than AMIE and the yearly average Joule heating from AMIE (85 GW) was almost two times larger than that from W05 (46 GW). If the factor of two is kept for the whole solar cycle, the Joule heating difference between 1996 and 2008 from AMIE may also double the value from W05 and reach 26 GW (2 Â 13 GW). Certainly, more comprehensive study using the AMIE outputs during the whole solar cycle is needed to reach a general conclusion.
Influence on the Neutral Density
[15] The total energy powers just give us a rough idea of the significance to the upper atmosphere, and the energy distribution and the heating efficiency are also critical to explain the upper atmosphere variations [Richmond, 2010; Deng et al., 2011] . Clearly the solar irradiance, Joule heating and particle precipitation have very different horizontal as well as vertical distributions [Fuller-Rowell and Evans, 1987; Thayer and Semeter, 2004; Knipp et al., 2005] . Meanwhile, their heating efficiencies to the thermosphere are quite different. The heating efficiency of solar EUV is roughly 50% [Torr et al., 1980] , but Joule heating transfers the energy almost entirely to the neutral atmosphere [Thayer and Semeter, 2004; Knipp et al., 2005] . Due to these differences, the effects of the solar irradiance and Joule heating on the upper atmosphere can be different even though the same amount of energy has been deposited.
[16] To investigate the relative contributions of solar EUV and geomagnetic energy to the thermospheric density reduction, some idealized simulations have been conducted. The TIEGCM does a reasonable job of tracing the satellite drag measurements of the neutral density [Solomon et al., 2011] and has been employed for three different cases during both 1996 and 2008: case 1 with variable Kp and M 10.7 (black line in Figure 6 ), case 2 with a constant Kp of 0.5 and variable M 10.7 (red line in Figure 6 ) and case 3 with variable Kp and a constant M 10.7 of 56 (blue line in Figure 6 ). Case 1 (black line) represents a full simulation including the change of both geomagnetic activity and solar EUV irradiance. At 400 km altitude, the annual average density is 0.76 ng/m 3 in 1996 and 0.56 ng/m 3 in 2008. The total neutral density reduction is equal to 0.20 ng/m 3 (26%). In case 2 (red line) when Kp is a constant (0.5), the variation of the geomagnetic energy has been eliminated and the global integrated Joule heating is close to 19 GW and the total HP is 29.7 GW. The yearly average density decreased from 0.61 ng/m 3 in 1996 to 0.46 ng/m 3 in 2008 and the neutral density reduction is equal to 0.15 ng/m 3 . The 0.15 ng/m 3 density change is due to the solar irradiance variation and accounts for 3/4 of the total density reduction (0.20 ng/m 3 ). In case 3 (blue line), M 10.7 is set to be a constant (56). The variation of the solar irradiance has been eliminated and the solar power is close to a constant ). This difference is related to the energy distribution and heating efficiency. For example, the altitudinal distribution of these two energy depositions is quite different. The solar irradiance peaks around 150 km altitude and the Joule heating usually maximizes at 120 km. The effective height of solar irradiance is higher than the Joule heating. The solar irradiance is therefore more efficient to heat up the upper thermosphere at 400 km than the Joule heating [Deng et al., 2011; Huang et al., 2012] .
[17] As illustrated in Figure 6 , the temporal variation of the neutral density during these two years are quite different. In case 2 (red line) with a constant Kp, the simulation displays a repeatable 27-day cycle after DOY 120 in 1996, which is related to the Sun rotation period and corona hole structure on the Sun during that time. On contrast, in 2008 after DOY 150, the red line is very smooth with little variation, which indicates the solar power has not changed much. The standard deviation of the red lines representing neutral density variation caused by the solar irradiance variation is 0.12 and 0.07 in 1996 and 2008, respectively. Therefore, the solar irradiance in 1996 is not only averagely higher, but also more variable than that in 2008. In case 3 (blue lines), when the M 10.7 is constant, the geomagnetic energy contributes significantly to the neutral density temporal variations, such as the neutral density spike during the geomagnetic storm on DOY 297 in 1996 and neutral density oscillation during both 1996 and 2008. The neutral density minimum happens around DOY 200 in both years, which is related to the semiannual variation and the inter-hemispheric asymmetry. Due to the semi-annual variation, the neutral density has minima in summer and winter solstices. Meanwhile, the southern hemisphere has a much stronger semi-annual variation than the northern hemisphere and dominates the global density variation. Around DOY 200, the southern hemisphere is winter and has the lowest neutral density. The result is consistent with the CHAMP satellite measured neutral density annual variation at $400 km during 2002 -2007 [Ercha et al., 2012 .
Conclusion
[18] The solar activity during 23/24 solar-cycle minimum reached levels lower than past minima. Consequently, the record-low thermospheric density and unusual ionospheric density variation during last solar minimum have been reported, which have been mainly explained as the consequence of the anomalously low solar extreme ultraviolet (EUV) irradiance. On contrast, the variation of geomagnetic energy has been paid relatively less attention or has been treated negligible. Actually, the Sun is the ultimate energy sources for the upper atmosphere and the solar irradiance and the geomagnetic energy have been looked as the direct and indirect solar sources of energy deposition in the upper atmosphere. When the Sun activity was extremely low in 23/ 24 solar minimum, both direct and indirect solar sources should vary accordingly. The energy reduction in different forms is critical to explain the unusual variations in the upper atmosphere during 23/24 solar minimum. In this study, we examined the energy budget to the Earth's upper atmosphere during last solar cycle from both solar EUV irradiance and geomagnetic energy, including Joule heating and particle precipitation. The solar EUV power in 2008 calculated from the EUVAC model was reduced by 33 GW compared to 1996. The reduction of the total geomagnetic energy was close to 29 GW including 13 GW for Joule heating from W05 and 16 GW for particle precipitation from NOAA satellites measurements. While the estimations of the solar EUV power and geomagnetic energy vary from model to model, the change of the geomagnetic energy from 1996 to 2008 was comparable to the solar EUV power. The idealized simulations with TIEGCM indicate that the variations of the solar irradiance and the geomagnetic energy account for 3/4 and 1/4 of the total neutral density reduction in 2008, respectively.
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